Abstract We prepared short microfibers comprising a mixture of a poly(methyl methacrylate)-poly(glycidyl methacrylate) copolymer and poly(methyl methacrylate) by electrospinning followed by ultrasonication treatment. The resulting short microfibers were 1.5 μm in diameter and 5-30 μm long. We then carried out surface-selective functionalization of the short microfibers using fluorescently labeled proteins. Microscopic observation revealed the lateral surface-selective and cross-section-selective modification of the short microfibers. Finally, we succeeded in the selforganization of the surface-functionalized short microfibers with polymeric microspheres to form complicated microstructures via specific interactions between biomolecules.
Introduction
Functional colloidal particles comprising a variety of substances including polymeric and inorganic materials have been extensively investigated for use in biotechnology [1] , nanotechnology [2] , electronics [3] , and clean/reusable energy [4] . The shapes of colloidal particles often affect their function and use as building blocks. To overcome the intrinsic limitations of isotropic particles, attempts have been made to mimic the anisotropic particles that exist in abundance in nature. The anisotropic particles that occur in nature, such as cells, bacteria, pollen, and organelles, have a broad range of excellent functions [5] . Therefore, precise engineering of anisotropy in colloidal particles has recently attracted increased attention, and a number of investigations have focused on the fabrication of non-spherical colloidal particles [6] [7] [8] [9] [10] . The development of asymmetric colloidal particles such as rods, disks, fibers, tubes, dumbbell-shaped particles, conical particles, sheets, and ellipsoids has been reported using various fabrication techniques [5, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . There has also been pioneering work on the preparation of anisotropically functionalized colloidal particles [23] [24] [25] [26] [27] .
Of the various forms of colloidal particles, short microfibers are attractive candidates for anisotropic materials because they have remarkably high aspect ratios and multifaceted architecture. However, to the best of our knowledge, there are only a limited number of reports on the preparation of short microfibers, which has proven to be difficult and suffers from low productivity, complicated procedures, or damaging to the polymeric fibers [28] [29] [30] [31] [32] [33] . Very few researchers have studied the anisotropic functionalization of short microfibers [28, 29] . In the present study, we established a novel method for preparing polymeric short microfibers that involves the ultrasonication treatment of electrospun microfibers.
Ultrasonication treatment has several advantages: it is simple, requires mild conditions, and has high productivity compared with existing methods such as microsectioning [28, 29] , UV or laser cutting [30, 31] , and micromolding [32, 33] . The present study enabled the surface-selective functionalization of short microfibers. Moreover, the surface-functionalized short microfibers self-organized with polymeric microspheres to form complicated microstructures via avidin-biotin interaction, which demonstrates the potential of the surface functionalization of anisotropic materials for mesoscopic structuring based on molecular recognition. To the best of our knowledge, this is the first approach for preparing short microfibers with surface-selective modification using electrospun microfibers and biomolecules. The present approach for the construction of microstructure using the surface-functionalized short microfibers can be applied to optical device, analytical sensors, fluid handling and electronic wiring in substrates, etc.
Materials and methods

Materials
Methyl methacrylate (MMA), glycidyl methacrylate (GMA), 2,2′-azobis(2,4-dimethylvaleronitrile) (AIBN), toluene, methanol, dimethyl sulfoxide (DMSO), dimethylformamide (DMF), and bovine serum albumin (BSA) were purchased from Wako Pure Chemical Industries (Osaka, Japan). Poly(methyl methacrylate) (PMMA, Mw = 120,000), albumin-fluorescein isothiocyanate conjugate (FITC-BSA), and (+)-biotin hydrazide were purchased from Sigma (St. Louis, MO, USA). NeutrAvidin was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Tetramethylrhodamine isothiocyanate (TRITC) was purchased from Invitrogen (Carlsbad, CA, USA). Biotin-coated polystyrene microspheres (3.3 μm) were purchased from Spherotech (Lake Forest, IL, USA).
Poly(MMA-GMA) copolymer was synthesized from the corresponding monomers (MMA and GMA) by conventional free-radical polymerization using AIBN as an initiator. MMA and GMA were purified by distillation under reduced pressure prior to use. MMA (23.4 ml), GMA (7.5 ml), toluene (52.1 ml), and AIBN (75 mg) were mixed, and polymerization was carried out at 80°C for 24 h. The reaction mixture was then poured into excess methanol to precipitate the polymer, which was collected by filtration and dried under vacuum.
TRITC-labeled NeutrAvidin was prepared as follows. NeutrAvidin (10 mg) was dissolved in a sodium carbonate buffer (pH 8.8, 0.1 M, 9 ml). A DMSO solution (1 ml) containing 1 mg of TRITC was added to the NeutrAvidin solution. After 24 h at 4°C, the reaction solution was dialyzed with an excess amount of water using a dialysis membrane (MWCO 15 kDa) overnight, followed by freeze-drying.
Preparation of polymeric short microfibers
The electrospinning (NF-102, MECC Co., Ogori, Japan) experimental equipment consisted of a syringe pump, a stainless-steel needle, and a high-voltage generator [34, 35] . Typically, a needle was loaded with a DMF solution containing 24 wt% poly(MMA-GMA) and 6 wt% PMMA. The solution was electrospun from the needle (cathode), into an oppositely charged stainless-steel dish (anode). The feed rate for the solution was set at 0.2 ml/h, and the working voltage was 24 kV. The distance from the needle to the collector was 23 cm. The inner and outer diameters of the needle were 330 and 630 μm, respectively.
After electrospinning, the resulting microfibers were immersed in 0.1 mg/ml BSA solution in phosphate buffer (pH 7.0, 50 mM) to immobilize BSA on the surfaces of the microfibers, and then immersed in Tris-HCl buffer (pH 7.0, 50 mM) to wash the microfibers. The immersed microfibers were cut into 2-3 mm in lengths using a razor, and sonicated in phosphate-buffered saline (PBS, pH 7.4) for 3 h using an ultrasonication bath (VS-D100, Asone, Osaka, Japan) to prepare short microfibers. One hour after ultrasonication, the crude long microfibers were removed by filtration using a nylon net filter (pore size 11 μm) (Merck Millipore, Darmstadt, Germany) to obtain short microfibers. The resulting short microfibers were observed using an inverted microscope (IX71, Olympus Co., Tokyo, Japan).
Surface-selective modification of polymeric short microfibers
Short microfiber 1
Microfibers comprising poly(MMA-GMA) and PMMA were prepared by electrospinning, as described above. After electrospinning, the microfibers were immersed in phosphate buffer (pH 7.0, 50 mM) containing 0.1 mg/ml FITC-BSA to immobilize FITC-BSA on the lateral surfaces of the microfibers. The microfibers were then washed by immersing them in TrisHCl buffer (pH 7.0, 50 mM). The immersed microfibers were cut into 2-3 mm in lengths using a razor. The cut microfibers were sonicated in sodium carbonate buffer (pH 9.5, 50 mM) containing 1-mM biotin hydrazide for 3 h to prepare short microfibers with biotin hydrazide-modified cross-sections. One hour after sonication, the crude long microfibers were removed by filtration using a nylon net filter (pore size 11 μm) (Millipore, Darmstadt, Germany). After washing repeatedly with water, the short microfibers were immersed in PBS containing 0.1 mg/ml TRITC-NeutrAvidin to immobilize TRITC-NeutrAvidin at the cross-sections. After collecting the short microfibers using a nylon net filter (pore size 11 μm), the resulting short microfibers were washed repeatedly with water and observed using a confocal laser scanning microscope (CLSM) (FV1000-KDM, Olympus Co., Tokyo, Japan).
Short microfiber 2
Microfibers with NeutrAvidin-modified lateral surfaces were prepared in a similar way to that described above using phosphate buffer (pH 7.0, 50 mM) containing 0.1 mg/ml NeutrAvidin. The microfibers were cut using a razor and sonicated in PBS (pH 7.4) for 3 h to prepare short microfibers with NeutrAvidin-modified lateral surfaces. They were then collected using a nylon net filter (pore size 11 μm).
Short microfiber 3
Microfibers with BSA-modified lateral surfaces were prepared in a similar way to that described above using phosphate buffer (pH 7.0, 50 mM) containing 0.1 mg/ml BSA. The microfibers were cut using a razor and sonicated in PBS (pH 7.4) for 3 h to prepare short microfibers without NeutrAvidinmodified lateral surfaces. They were then collected using a nylon net filter (pore size 11 μm).
Self-assembly of short microfibers and microspheres
Each short microfiber was immersed in a PBS suspension (pH 7.4) containing 100 μl/ml biotinylated polystyrene microspheres overnight. The resulting microstructures were observed using an inverted microscope and a field emission scanning electron microscopy (FE-SEM). The samples were sputter-coated with osmium (Os) prior to observation by FE-SEM.
Results and discussion
We subjected a mixed solution of poly(MMA-GMA) and PMMA to electrospinning to align microfibers of approximately 1.5 μm diameter, as shown in Fig. 1a . The fiber morphology can be controlled by spinning parameters such as the concentration and solvent of spinning a polymer solution, voltage, needle diameter, and spinning distances as previously reviewed [36] . In the present study, the orientation of electrospun microfibers was controlled using a rotating disk as a collector of the fibers. Figure 1b shows that short microfibers (5-30 μm long) were successfully prepared by ultrasonication. Robust and low-elastic mechanical properties of a PMMA-based polymer would help the cutting induced by ultrasonication. We did not observe any long fibers (> 100 μm long) after filtration. These results demonstrate that ultrasonication treatment followed by filtration is an effective technique for preparing short PMMA-based microfibers with a relatively narrow length distribution.
Surface-selective functionalization is of large importance for micro-and nano-structured anisotropic materials. We investigated the surface-selective functionalization of short microfibers using fluorophore-labeled proteins (Short microfiber 1). The glycidyl groups in poly(MMA-GMA) can react with the amino groups in proteins and the hydrophobicity of a PMMA-based surface helps adsorption of proteins to its surface [37] . As shown in Fig. 2a , we first immobilized FITC-BSA on the lateral surfaces of the microfibers by exploiting the glycidyl groups and the hydrophobicity of the surfaces of the electrospun microfibers to cover the surface of PMMA to prevent the subsequent undesired adsorption and interaction to the surface and blocked the remaining glycidyl groups using tris(hydroxymethyl)aminomethane (Tris base). While cutting the electrospun microfibers to short microfibers by ultrasonication, we covalently modified the cross-sections of the short microfibers with biotin hydrazide using the glycidyl groups at the cross-sections. We then added TRITCNeutrAvidin to selectively modify the cross-sections of the short microfibers. CLSM observation revealed green fluorescence at the lateral surfaces of the short microfibers, which was derived from FITC-BSA. And red fluorescence was found only at the cross-sections, indicating the selective immobilization of TRITC-NeutrAvidin (Fig. 2b) . This demonstrates the successful surface-selective modification of the short microfibers using avidin-biotin interaction.
Surface-selectively functionalized anisotropic materials have the potential to create complicated three-dimensional architectures by self-organization. Here, we investigated the self-organization of microstructures consisting of polymeric short microfibers and microspheres using avidin-biotin interaction (Fig. 3a) . The cross-sections or lateral surfaces of the short microfibers were selectively modified with NeutrAvidin using the procedure described above (Short microfibers 1 and 2), and the short microfibers without NeutrAvidin-modified surfaces were also prepared as Short microfiber 3. The short microfibers were mixed with the biotinylated microspheres. Figure 3b , e shows bright-field microscopy and FE-SEM Fig. 1 Bright-field microscope images of (a) electrospun polymeric microfibers and (b) polymeric short microfibers prepared by ultrasonication of electrospun polymeric microfibers images of the microstructure consisting of biotinylated microspheres and short microfibers with NeutrAvidin-modified cross-sections. As illustrated in Fig. 3a , we observed dumbbell-shaped microstructures, which were formed by the specific adhesion of the microspheres to the cross-sections of the short microfibers (Short microfiber 1) due to avidin-biotin interaction. Seventy percent of the cross-sections of the short microfibers were adhered with the microspheres. Notably, the microspheres did not adhere to the lateral surfaces of the short microfibers, which suggests that NeutrAvidin was absent at the lateral surfaces of the short microfibers and also indicates the successful surface-selective modification.
We observed grape-shaped microstructures when the short microfibers with NeutrAvidin-modified lateral surfaces (Short microfiber 2) were used (Fig. 3c, f) . It should be noted that the short microfibers without NeutrAvidin-modified surfaces (Short microfiber 3) did not interact with the biotinylated microspheres and did not form complexes (Fig. 3d) . Free microspheres were observed in Fig. 3b , c because a relatively excess amount of microspheres were added to the microfibers. These results prove that the high-order microstructures were organized via a specific interaction between NeutrAvidin and biotin on the selectively functionalized surfaces of the short microfibers and microspheres. They also suggest that molecular interactions at nano scale between a protein and a small molecule can be utilized for the assembly of substrates at micro scale.
Conclusions
We successfully prepared short polymeric microfibers using a novel, simple, and efficient method comprising the ultrasonication treatment of electrospun microfibers. Moreover, the present method enabled surface-selective functionalization of the short microfibers. Finally, complicated microstructures were created by the self-organization of the surface-selectively functionalized short microfibers and microspheres. The findings of the present study suggest that electrospun short microfibers have great potential as micro-structured anisotropic materials for surface-selective functionalization and can be applied to the mesoscopic-scale construction of new architectures by means of specific molecular recognition. 
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